UPON ITS FIRST INTRODUCTION as a developmental and embryological model in the 1980s
, the unique experimental advantages of the zebrafish (Danio rerio) have positioned this model at the frontline of biomedical research in the following decades. The ex utero development and the embryonic/larval transparency of the genetically tractable zebrafish (84, 124) in combination with specific analytical assays of tissue function allow for direct in vivo characterization of both the onset and course of genetic, lifestyle, and/or drug-induced pathological processes. Concurrently, the rapid development and short generation time of this tropical freshwater (FW) fish enables large-scale use, benefiting the statistical power and accuracy of the experiments (31, 124) . Given these general attributes, the zebrafish has rapidly emerged over the last few decades as a preeminent model to elucidate the (patho)physiological mechanisms of human disease and is now widely employed in a variety of research fields (7, 25, 90, 129) .
One of the applications of the zebrafish model pertains to the field of renal physiology, which has been increasingly utilizing the zebrafish as a model system for human kidney structure (140) , ontogeny (30) , and function (31, 33) . Within nephrology, numerous human electrolyte transport disorders exemplify the importance of solute transport processes along the consecutive specialized segments of the nephron (19, 43, 108, 113, 114, 136) . Although the zebrafish has previously been used to characterize fundamental transport processes (5, 36), a complete and comparative understanding of the zebrafish bi-ology and renal physiology is fundamental for implementing this model to study human renal ion transport disorders. With this review, we update the present knowledge on electrolyte handling in the zebrafish to provide researchers and clinicians with indications of the possibilities and potential pitfalls of using the zebrafish as a model to study human renal ion transport in health and disease, with particular emphasis on its clinical translational value and future prospects.
Renal Electrolyte Handling in the Zebrafish Model
Zebrafish are hyperosmotic and hyperionic with respect to the surrounding aquatic environment. This living constraint results in a passive loss of ions and uptake of water in favor of their electrochemical and osmotic gradients, respectively. Consequently, zebrafish possess specialized ionocytes, principally located in the gills of adults and in the skin of embryos and larvae, facilitating active absorption of electrolytes from the medium ( Fig. 1) (41, 46, 63) . In addition, teleosts are able to absorb electrolytes contained in the food via the gut epithelia, whereas the kidney enables efficient ion reabsorption from the prourine. In the zebrafish kidney, ions are reabsorbed through active transcellular and passive paracellular transport processes (Fig. 1) . To eliminate the excess of water gained from the environment, zebrafish produce large amounts of diluted, hypoosmotic urine, estimated to be up to one-third of the body volume per day (38) . This exceptional filtration capacity gives an idea of the extraordinary functional ability of the kidney in these early vertebrates.
As illustrated by Hwang et al. (62) , the skin and/or gill ionocytes in the zebrafish share resemblance with renal tubular cells in terms of ion transport function. Aside from ion channel and transporter paralogs that are observed to be uniquely expressed in the gills/skin or kidney (62) , many ion channels and transporters are found to be coexpressed in both tissues. The functional similarities between these tissues therefore proposes a shared function regarding the "renal" ion transport function in the zebrafish. Nonetheless, the contribution of each of these tissues to the systemic electrolyte balance depends on the distinct ion that is being transported. For example, in the zebrafish, the gills and/or skin are the predominant site for calcium (Ca 2ϩ ) handling in the detriment of the kidney (127, 130) . The relevance of skin Ca 2ϩ absorption for the mainte- , and potassium (K ϩ ), and protons (H ϩ ), transported in the skin/gills and nephrons of larval and adult zebrafish. A: ion fluxes of the 5 principle ions and H ϩ in the skin and pronephros of larval zebrafish (5 days postfertilization, dpf). To maintain electrolyte balance, skin ionocytes and the kidney function jointly to minimize ion losses. Skin ionocytes facilitate active transcellular absorption of Mg 2ϩ , Ca 2ϩ , Na ϩ , and Cl Ϫ , whereas K ϩ and H ϩ are mostly excreted. A pair of nephrons fused at a central glomerulus (GL) constitutes the pronephric kidney. The exclusive expression pattern of ion channels, transporters, and claudins along the consecutive nephron segments in the pronephros, i.e., the proximal convoluted tubule (PCT), the proximal straight tubule (PST), the distal early tubule (DE, equivalent to the mammalian thick ascending limb of Henle's loop), the distal late tubule (DL, equivalent to the mammalian distal convoluted tubule), and the pronephric duct (PD), establishes the secretory and reabsorptive ion fluxes in the zebrafish nephron. B: ion fluxes of the 5 principle ions and H ϩ in the gills and mesonephros of adult zebrafish (90 dpf -2 yr). Increased osmoregulatory demand attributable to larval growth drives the development from the larval pronephros to a mesonephros. During mesonephric development, new nephrons are formed that fuse with the preexisting zebrafish nephrons. In addition, the larval PD ultimately merges in a major collecting duct (CD). In gills, active transcellular absorption of Mg 2ϩ , Ca 2ϩ , Na ϩ , and Cl Ϫ and K ϩ and H ϩ excretion are facilitated.
nance of the systemic Ca 2ϩ balance is demonstrated by the fact that zebrafish exposed to low concentrations of Ca 2ϩ in their medium present with severe ossification malformations (130) . Conversely, no significant changes in the systemic magnesium (Mg 2ϩ ) balance are observed when zebrafish embryos are grown in an Mg 2ϩ -depleted medium up to 5 days postfertilization (dpf) (Kersten S and Arjona FJ, unpublished observations). Because zebrafish in their first 5 days of life do not drink and eat, because of their hyperosmotic nature compared with the surrounding medium and yolk presence, respectively, the zebrafish kidney presents as the sole excretion route. Given this, it is deducted that the zebrafish kidney displays a high degree of Mg 2ϩ reabsorption despite the high urine production imposed by the hypoosmotic environment, to minimize Mg 2ϩ losses efficiently even when skin Mg 2ϩ absorption is abolished.
Moreover, as sodium (Na ϩ ) and chloride (Cl Ϫ ) absorption and potassium (K ϩ ) extrusion take place in both organs (46, 140) , the kidney and skin/gills of zebrafish are proposed to work cooperatively to regulate the systemic Na ϩ , Cl Ϫ , and K ϩ balance ( Fig. 1 ). Transepithelial K ϩ absorption, however, is assumed to take place exclusively in the kidney because no transporters facilitating this process have yet been identified in the zebrafish skin/gills.
Renal electrolyte handling in the zebrafish also implies acid-base regulation in which proton (H ϩ ) effluxes are generated upon carbon dioxide hydration (Fig. 1) . However, the role of the kidney in systemic acid-base regulation seems to be accessory because skin and/or gills account for more than 90% of the compensatory net acid-base transfers in FW fish (49) .
Ontogeny of electrolyte transport. Nephrogenic differentiation of mesodermal cells around 12 h postfertilization (hpf) marks the origin of pronephros development in the zebrafish embryo (30, 42) . Tubule formation and epithelialization of the pronephric nephron transpires between 12 and 19 and 16 -24 hpf, respectively, a time frame in which tubules acquire their anatomical nephron segmentation and a completed pronephric nephron becomes apparent (30, 72) . Although the segment boundaries within the nephrons are well recognized at this stage (139, 141) , nephron maturation between 24 and 96 hpf, characterized by the expression of distinct pronephric ion channels and transporters (141) , is fundamental for the progression to fully functional and mature nephron segments. Around 40 hpf, cell-cell junctions, particularly cadherins, complete asymmetric polarity along the apico-basal axis of renal epithelia, crucial for the insertion of numerous solute channels and transporters, matrix, and growth factor receptors into epithelial membranes (30, 59, 137, 138) . At this stage, glomerulus and capillary loop formation are observed, closely followed by the appearance of podocyte foot processes (32, 33) . Glomerular filtration starts between 40 and 48 hpf (33) , indicating that the reabsorption of electrolytes from the prourine can be studied in the zebrafish pronephros from this point in time.
As the zebrafish matures, the pronephros will further develop into a mesonephros to sustain the increasing osmoregulatory demand (149) . Around 14 dpf, new mesonephric nephrons comprised of a proximal convoluted tubule (PCT), proximal straight tubule (PST), and distal early (DE) tubule segments form, which ultimately fuse with the preexisting DE and/or distal late (DL) segments of the pronephric tubule ( Fig.  1) (28, 42) .
Functional organization of the nephron. In the early 1970s and 1980s, physiologists exploited the conservative nature of biological systems over evolutionary time, thereby providing crucial insight into renal structure and function of different vertebrate species facing their own habitat. With more than half of the 45,000 vertebrate species alive being aquatic (51), this vertebrate class was highly explored (10, 34, 40, 52, 117) . The main functions of the kidney of FW fish, including the zebrafish, are to eliminate the excess of water gained from the diluted FW environment presumably via the gills and skin and to reabsorb the electrolytes contained in the prourine to compensate for ion passive losses toward the surrounding environment. As a result, FW fish present high urine flow rates and excrete large volumes of diluted urine. In detail, the nephron of FW fish consists of a glomerulus, responsible for blood filtration, subsequently followed by a proximal, a distal, and a collecting tubule, which are responsible for electrolyte reabsorption (39, 44, 52) . In all vertebrates, the tight junctions marking the apical border of the proximal tubule (PT) drive the leakiness of the paracellular pathway, in turn establishing a low transepithelial resistance, low transepithelial voltage, and small electrochemical gradients for Na ϩ and other ions, which facilitate their transepithelial transport (9) . Downstream, the distal tubule (DT) of FW fish present a low permeability to water (99) . In addition, characteristic for the DT of FW fish is the lumen-positive potential that is dependent on the luminal presence of both Na ϩ and Cl Ϫ (99, 120) . Therefore, the DT of FW fish can be considered a genuine diluting segment, responsible for the osmodilution of the prourine that ultimately reaches the collecting tubule.
In the zebrafish, the first ion reabsorption processes occur in the PT, which is composed of a PCT and a PST segment. Transport studies in Xenopus oocytes expressing slc13a1, encoding the Na ϩ /sulfate (SO 4 2Ϫ ) cotransporter Nas1, have indicated the existence of apical cotransport of Na ϩ and SO 4 2Ϫ in the zebrafish PT (94) . Basolateral transport of Na ϩ toward the circulation in the zebrafish PT is reported to occur through the Na ϩ /bicarbonate (HCO 3 Ϫ ) cotransporter Slc4a4a (123) . In addition, HCO 3 Ϫ transport facilitated by Slc4a4a is postulated to rely on both cytosolic and membrane-bound carbonic anhydrase isoforms (65) , thereby marking the PT as a predominant site for acid-base regulation in the zebrafish nephron. In turn, the H ϩ produced by the carbonic anhydrase activity is extruded apically via the Na ϩ /H ϩ exchanger Slc9a3.1 (141) . Moving toward the DT, which comprises a DE and a DL tubule segment, reabsorption of Na ϩ and Cl Ϫ is reflected in the expression of the Na ϩ /K ϩ /Cl Ϫ cotransporter Nkcc2 (2, 141) and the Na ϩ /Cl Ϫ cotransporter Ncc in the DE and DL tubule, respectively (141) . In addition, two-electrode voltage-clamp studies in Xenopus oocytes expressing romk1a.1 showed that this channel facilitates K ϩ extrusion. Expressed apically throughout the DE and DL tubule, Romk1a.1 channels facilitate apical K ϩ extrusion toward the lumen, thereby contributing to the lumen-positive transepithelial voltage in the zebrafish DT (1) . Given the comprehensive expression of solute channels, transporters, and claudins throughout the zebrafish nephron (Table 1) , it is assumed that other channels, transporters, and claudins might fulfill a distinct role in the osmodilution Yes, in skin, by in vivo morpholino knockdown (58) No (58) No (58) Positive, but studies must be restricted to H However, in addition to the expression of hormone receptors in the zebrafish branchial and skin epithelia (62) , the presence of numerous hormone receptors, such as Pth (111), prolactin (88) , glucocorticoid (86) , insulin (24) , and calcium-sensing receptors (78) , indicate that the zebrafish kidney is an important site for hormone-controlled regulation of electrolyte transport.
An important gland for the regulation of Ca 2ϩ handling, the corpuscles of Stannius (CS), is located dorsal to the kidney. This exclusive teleost gland is constituted of islands of eosinic cells in the proximity of the boundary that separates the DE tubule from the DL tubule and secretes the hypocalcemic hormone stanniocalcin. Despite the lack of a parathyroid gland, well-identified hypercalcemic regulators, such as parathyroid hormones (Pth1a, Pth1b, and Pth2) and Pth-related proteins (Pthrp), are detected in the zebrafish. From Pth receptor, which binds Pth and Pthrp hormones, transient receptor potential vanilloid 5/6 (Trpv5/6), and transient receptor potential melastatin 7 (Trpm7) gene expression in the kidney (69, 85, 102, 111) , it can be deduced that Pth and Pthrp hormones control Ca 2ϩ handling in the zebrafish kidney by regulating Trpv5/6 and/or Trpm7 expression. In addition, on the basis of the research of Lin et al. (85) , the calcium-sensing receptor (CaSR) in the zebrafish kidney is presumed to be a key player in Ca 2ϩ homeostasis by regulating Pth1a/b and stanniocalcin expression. Similarly, Shu et al. (116) report prolactin as a positive regulator of Na ϩ reabsorption in the zebrafish by enhancing Ncc mRNA expression in the DL tubule.
Possibilities and Considerations of the Zebrafish as a Model System for Human Renal Electrolyte Handling
Functional analogies and divergences between zebrafish and human nephrons. Given the conservation of the nephron segmentation pattern and its general function as ion-reabsorptive tissue, the zebrafish kidney can be considered a simplified version of a human kidney. In turn, this suggests that the zebrafish kidney might be an adequate model for human renal electrolyte transport. Despite these similarities, functional differences exist between zebrafish and human nephrons that must be factored into considerations of the clinical translational value of the zebrafish model. Moreover, and as highlighted in Renal Electrolyte Handling in the Zebrafish Model, zebrafish possess skin and/or branchial ionocytes that are functionally analogous to renal tubular cells. This particular aspect of fish ion transport physiology has to be taken into consideration when studying ion transport properties of zebrafish orthologs of human renal ion channels and transporters.
Zebrafish are hyperosmotic with respect to the surrounding aquatic environment and therefore gain water passively via osmosis. Hence, water reabsorption must be minimized in the zebrafish kidney. As a result, equivalents of water-reabsorptive segments, i.e., mammalian thin descending limb of Henle's loop (tDL), are absent in zebrafish nephrons. Although Tingaud-Sequeira et al. (126) Table 1) . Collectively, renal water handling might be rather divergent between zebrafish and humans, implicating that the zebrafish is only partially suitable to study mammalian renal water reabsorption. Although the human renal collecting system comprises the connecting tubule (CNT) and the collecting duct (CD), a CNT segment does not exist in the zebrafish nephron, subsequently impacting Ca 2ϩ and Na ϩ reabsorption. Specifically, the absence of a counterpart of the mammalian CD epithelial Na ϩ channel (ENaC), comprised of ␣-, ␤-, and ␥-subunits, excludes the zebrafish as a model to study ENaC function and thereby Na ϩ reabsorption in the CD (Table 1) . On the other hand, although the CNT segment is not distinguished in the zebrafish nephron, an ortholog of the CNT-specific epithelial Ca 2ϩ channel TRPV5 (54) is conserved in the zebrafish genome and expressed in the zebrafish kidney (Table 1 ) (102) .
Albeit key ion transporters involved in acid-base regulation in the human PT are observed to have counterparts localized in the zebrafish PT, i.e., Slc4a4a and Slc9a3.1 (123, 141, 144) , branchial and/or skin H ϩ -ATPase-rich ionocytes are mostly responsible for acid-base regulation in zebrafish (61) . When studying the properties of ion transporters involved in PT acid-base regulation in the zebrafish, researchers must therefore be aware of the key contribution of the skin/gills to this process.
Despite the differences noted above, functional and segmental conservation of various human renal ion transporters expose the potential of the zebrafish to study the functional properties of key proteins for renal transcellular reabsorption of Mg 2ϩ , Na ϩ , Ca (Table  1) . However, researchers must be aware that, because of an evolutionary duplication event, the zebrafish often presents with multiple paralogs of human orthologs. For example, the basolateral K ϩ channel Kir4.1 in the human distal convoluted tubule (DCT) has two paralogs in the zebrafish genome, of which only one, kir4.1a, is detected in the zebrafish kidney ( (Table 1) . Diminished water reabsorption in the zebrafish kidney is assumed to reduce the extent to which paracellular solutelinked ion transport occurs (11) , thereby possibly limiting the opportunities to use the zebrafish as a model for paracellular electrolyte reabsorption. Although, in humans, 13 different claudin members give rise to exclusive expression patterns driving segment-specific paracellular permeability properties, only partial conservation is reported in the zebrafish kidney ( Table 1) . The gene CLDN2, encoding claudin 2 (CLDN2), responsible for paracellular transport of Na ϩ , K ϩ , and Ca 2ϩ in the human PT and tDL (145) , is conserved in the zebrafish genome although no gene expression is reported in the zebrafish kidney (6) . Forming an Na ϩ , K ϩ , and H ϩ barrier and a Cl Ϫ pore in the human tDL, DCT, and CD (145), cldn8 expression has been reported in the zebrafish PST, DE tubule, DL tubule, and the pronephric duct (PD) (95) (Fig.  1) . Intriguing, regarding the conservation of human claudins in the zebrafish kidney, is the observation of cldn15a expression in the zebrafish PCT, PST, and DE tubule by McKee et al. (95) , whereas expression of the human ortholog in the human kidney is not reported (Table 1) (145) . Moving to the zebrafish PD/CD, the lack of expression of Romk channels (1), together with the absence of orthologs in the zebrafish genome of human SCNN1␣, SCNN1␤, and SCNN1␥ (70), encoding the subunits conforming ENaC (70), suggest the absence of principal-like cells in the zebrafish PD/CD. However, apical Cl Ϫ / HCO 3 Ϫ exchangers, i.e., Slc26a6l (8, 118) , basolateral Cl Ϫ channels, i.e., Clcnk (1), and carbonic anhydrase genes (65) are reported to be expressed in the zebrafish PD/CD. Therefore, a function similar to the ␤ intercalated cells of the mammalian CD, mainly involved in the regulation of the acid-base balance, is postulated in the zebrafish PD/CD. Nonetheless, this regulatory function of acid-base balance in the zebrafish PD/CD may be accessory to that in gills and skin, the predominant sites for acid-base regulation in FW fish (49) . Further studies elucidating the exact function of these cells might reveal the zebrafish kidney as a model system for human intercalated cells. Genetic renal electrolyte transport diseases. Genetic renal electrolyte transport diseases result from aberrant channel, transporter, or claudin function in the kidney. Aside from defects in the renal handling of ions resulting in abnormal ion concentrations in serum and/or urine, these diseases present with extrarenal symptoms elicited by the disturbed systemic electrolyte balance, i.e., cardiovascular or neurologic impairments. Nonetheless, the extrarenal symptoms might also be caused by specific functions of the channel, transporter, or claudin in extrarenal tissues and therefore not arise secondarily to the disturbed systemic electrolyte balance.
Malfunction of renal channels, transporters, or claudins is generally caused by a mutation(s) affecting genes encoding the distinct channel, transporter, claudin, or their subunits or by a mutation(s) in genes encoding transcription factors or regulatory proteins, ultimately affecting the activity of the channels, transporters, or claudins. In this regard, the zebrafish emerges as a highly instrumental animal model that allows loss-and gain-of-function approaches but also the analysis of the pathological function of a specific mutation(s). However, the translational value and subsequent adequacy of the zebrafish for renal ion transport disease modeling depend on the reproducibility of the patients' renal and extrarenal symptoms in vivo when applying loss-or gain-of-function approaches to recapitulate the genetic mechanism of disease ( Table 2) . Another aspect researchers must take into account when modeling genetic renal electrolyte transport diseases in zebrafish is the possibility of mechanisms in the skin/gills that are able to compensate for the evoked renal electrolyte disturbances.
PT-related human diseases, such as Dent disease types I and II, are caused by mutations in the genes CLCN5, encoding a Cl Ϫ channel, and OCRL, encoding an inositol polyphosphate 5-phosphatase. Cardinal symptoms in patients include renal ion transport deficits such as hypercalciuria and kidney stones, for which the molecular etiology has not been established yet (Table 2) . In this regard, the applicability of the zebrafish to investigate kidney stone formation and systemic Ca 2ϩ balance in vivo (37) , paired with the ability of ocrl morphants to reproduce extrarenal symptoms of Dent disease type II (109), demonstrates the zebrafish potential to model and unravel the mechanisms underlying Ca 2ϩ disturbances in Dent disease (Table 2) . Likewise, Lin et al. (85) describe casr morpholino knockdown in the zebrafish to mimic the renal electrolyte transport disturbances observed in patients with familial hypocalciuric hypercalcemia type I (FHH) ( Table 2 ). Similar to patients with FHH, zebrafish casr morphants display insensitivity to Ca 2ϩ , leading to increased Ca 2ϩ absorption by Trpv5/6 (85). Nonetheless, when modeling FHH disease in zebrafish casr morphants, researchers must be aware that, because Trpv5/6 expression is also reported in skin ionocytes during embryonic/larval development (130), Ca 2ϩ disturbances observed in casr morphants will not solely be the result of renal Ca 2ϩ transport disturbances. Hypomagnesemia type I-VI, autosomal dominant hypomagnesemia, and EAST syndrome (27) are the result of mutations in channels, transporters, and claudins or their regulatory proteins, expressed in the human DCT, i.e., TRPM6, FXYD2, EGF, CNNM2, Kv1.1, Kir4.1, and TAL, i.e., CLDN16 and CLDN19 (Table 2 ) (132) . The cardinal symptom of these diseases is low levels of Mg 2ϩ in serum (Ͻ0.7 mM Mg 2ϩ ), usually accompanied by renal Mg 2ϩ wasting (132) . Furthermore, extrarenal symptoms such as epileptic seizures are also frequently observed. The lack of expression of orthologs of CLDN16 and CLDN19 in the zebrafish kidney rules out the zebrafish as an adequate model for studying hypomagnesemia types III and VI (Table 2) . Despite observing kv1.1a expression in the zebrafish kidney and gills, Arjona et al. (4) suggest that a potential Kv1.1a magnesiotropic function is not preserved in the zebrafish kidney and gills, indicating that the zebrafish may not be suitable to study autosomal-dominant hypomagnesemia. Conversely, because other disease-causing genes that evoke disturbances in Mg 2ϩ transport are conserved in the zebrafish genome and reported to be expressed in the zebrafish kidney and/or gills/skin (4, 91), the zebrafish might serve as a potential model system for these genetic diseases. Bartter syndrome types I-IV and Gitelman syndrome result from mutations in different genes (Table 2) ; however, their clinical presentation is similar, i.e., hypokalemia and renal salt wasting. Given the high degree of conservation of TAL/DCTspecific transporters in the zebrafish DT (1, 125, 141) and gills/skin (46), the zebrafish might be considered a valid model system to study their distinct transporter function in vivo. However, researchers must consider that the absence of ENaC in the zebrafish nephron might well result in discordant symptoms between zebrafish mutants/morphants for Bartter/Gitelman syndrome and patients with Bartter/Gitelman syndrome. In patients, no alterations in serum Na ϩ levels are observed (133) because ENaC in the CD compensates for the impaired Na ϩ reabsorption in the TAL/DCT (73) . Besides, the elevated aldosterone levels, responsible for increased electrogenic Na ϩ reabsorption by ENaC, result in simultaneous H ϩ and ROMKmediated K ϩ excretion in the CD, ultimately causing metabolic alkalosis and hypokalemia (17, 22) . Contrarily, defects in Na ϩ reabsorption in the DT of the zebrafish nephron cannot be compensated downstream due to the lack of ENaC-mediated Na ϩ reabsorption in the PD/CD of the zebrafish nephron. Therefore, knockdown or knockout of Bartter and/or Gitelman syndrome genes in the zebrafish is postulated to result in disturbed Na ϩ balance and discordant K ϩ and acid-base physiology with respect to patients with Bartter/Gitelman syndrome, thereby failing to recapitulate patient symptomatology of Bartter or Gitelman syndrome (Table 2 ). In the same line, the absence of scnn1 genes, which encode the subunits conforming ENaC, and aqp2 in the zebrafish genome suggests that the zebrafish might not be suitable to model type I pseudohyperaldosteronism or Liddle syndrome and nephrogenic diabetes insipidus, respectively (Table 2) .
Drug-induced renal electrolyte transport disorders. Aside from genetic predisposition, the rapid progression of pharmacotherapy over the last few decades exposes a new contributing factor for developing renal electrolyte transport disturbances. Although predominantly developed and prescribed to relieve the patient initial symptomatology, a variety of drugs give rise to side effects affecting renal electrolyte handling. Diuretics such as furosemide or thiazide present a categorical class by directly targeting explicit ion channels along the nephron, i.e., NKCC2 and NCC, respectively, to promote urine production. In addition, a second class comprises therapeutics that do not directly target ion transporters but secondarily elicit distur- bances in renal ion handling. Exemplifying this are immunosuppressive drugs such as rapamycin and tacrolimus, commonly used to decrease the risk of organ rejection after transplantation, but they are concomitantly linked to renal electrolyte imbalances (56, 60, 132) . In this context, the zebrafish might provide the opportunity to examine the molecular basis of these drug-induced renal ion transport disorders. Vital for symptom representation in the zebrafish model is the evaluation of the conservation of the electrolyte transport proteins and molecular pathways targeted by the drug that is administered, e.g., NCC and thiazide, rapamycin and the mammalian target of rapamycin pathway, ENaC and amiloride. Second, functional differences between zebrafish and mammalian nephrons might give implications for the extent to which symptoms can be mimicked, finally indicating the suitability of the zebrafish for the study of each drug. Moreover, a fundamental role in screening the properties of (novel) therapeutics to induce electrolyte imbalances may be reserved for the zebrafish. Reliant on the compound solubility, drug delivery can be facilitated via exposure in the surrounding aquatic medium (77, 107) or by direct, minimally invasive microinjections in the cardinal vein of larvae (23), in turn allowing the possibility for large-scale drug screens.
Renal electrolyte transport disorders linked to obesity and associated diabetes. The applicability of the zebrafish as a model for renal electrolyte transport disorders rises beyond monogenic diseases and drug-induced origins. Analogies in the mechanisms responsible for the maintenance of the body's energy expenditure, i.e., the hypothalamic melanocortin system via leptin or ghrelin and agouti-related protein physiology (89, 148) , molecular cues regulating adipogenesis (101), and conservation of the insulin-signaling pathway (92) , suggest the zebrafish value in metabolic research. In particular, this is for obesity and type II diabetes, both developing during life and predominantly driven by lifestyle factors, which are associated with ion imbalance.
Populational studies describe obese and diabetic patients with a constellation of electrolyte handling disturbances, such as hypomagnesemia, hyper/hyponatremia, hyper/hypokalemia, and hyper/hypocalciuria (81) . Although ranging from osmotic diuresis (82, 106) , hyperfiltration (3), and insulin activation (20, 26, 103) , the underlying pathophysiological mechanisms remain elusive. Paradoxically, single nucleotide polymorphisms in TRPM6 (119) and SLC41A1 (18) have been associated with an increased risk for insulin resistance (68, 112) , suggesting that ion transport abnormalities of renal origin might fulfill a causal role in developing type II diabetes. Zebrafish conservation of vital physiological systems, pathways, and targets in the development of obesity and diabetes poses the zebrafish as a potential model system to unravel the molecular mechanisms underlying the link between obesity (and associated diabetes) and electrolyte transport deficits.
Future Horizons
Well-established reverse genetic approaches, i.e., morpholino oligonucleotides, transcription activator-like effector nucleases (TALENs), and clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated systems (Cas), are employed in the endeavor to identify the genes causing renal electrolyte transport disorders. When combined with phenotype rescue experiments by overexpressing the human ortholog harboring the disease candidate mutation, these techniques allow researchers to establish the pathological function of specific mutations in zebrafish embryos/larvae, further elucidating the disease mechanism (5, 15, 91, 96) . The introduction of CRISPR/Cas9, however, has marked a new era in targeted genome engineering, allowing researchers to perform simple customized editing with single-stranded donor templates and introduce multiple modifications simultaneously at various loci in the genome (134) . Nonetheless, matching the patient's mutation using CRISPR/Cas9 might constitute a challenge, as target recognition is reliant on the direct binding of the target sequence,~20 nucleotide bases in length, to protospacer adjacent motifs (PAMs). Developing methods circumventing this PAM restriction would leave no loci in the genome out of reach for editing. This might allow the patient's exact genetic profile to be mimicked in the zebrafish, subsequently enabling the zebrafish to be exploited for pharmacological screenings of potential drugs in a personalized fashion. As illustrated, a profound understanding of the ontogeny of ion transport, nephron structure, and kidney function provides implications for the implementation of the zebrafish as a model to study renal transport deficits beyond identifying genetic causality. In the pursuit to increase the insight on electrolyte transport along the zebrafish nephron, in turn influencing the clinical translational value of the model, researchers might benefit from exploring different approaches to identify distinct renal ion channels and transporters in the zebrafish kidney. In this regard, RNAseq can be explored to sequence the zebrafish tubular transcriptome, which provides the opportunity to identify all ion channels and transporters expressed in zebrafish tubules. Once this is mapped, the electrophysiological characteristics can be examined for each distinct channel and transporter to establish its specific transport function.
In the pursuit to define the electrophysiological characteristics of single or multiple electrolyte channels in cells, Haverinen et al. (21) and Chen et al. (48) have explored the patchclamp technique. After the isolation of their cell type of interest, ventricular myocytes from Lamprey (Lampetra fluviatilis) and zebrafish brain and liver cells, respectively, these authors successfully recorded the electrical current of the channels. Likewise, exploiting the exclusive expression pattern of ion transporters, individual nephron segments can be segregated within the zebrafish kidney. Subsequently, the establishment of a stable, segment-specific renal cell line would enable functional in vitro studies focused on renal electrolyte transport in the zebrafish. As electrophysiological studies performed in living tissues might shed light on the molecular mechanisms of disease, researchers have applied the in vivo scanning ionselective electron technique, termed SIET. Although initially employed to examine H ϩ and ammonia secretion in larval skin epithelia of zebrafish (87, 115) , Na ϩ , Cl Ϫ , Ca 2ϩ , and K ϩ selective microelectrodes have recently been developed (14, 57, 100) , thereby expanding its implementation. Further optimization of this technique would increase the potential of the zebrafish as a model system for human renal electrolyte transport deficits. In this regard, targeted application of SIET to measure ion fluxes in the zebrafish pronephros or mesonephros arises as an upcoming challenge to enhance the translational value of the zebrafish.
Moreover, in patients, urine presents as the least invasive sample to obtain direct biochemical and molecular readouts from the kidney. Although cannulation in adult FW teleosts has been described (79, 98, 142) , this resource has hitherto never been performed in the zebrafish. However, with the capability of visualizing urine production in 30-h-old zebrafish embryos, a less invasive method allowing larval urine collection is within reach. By covering the cloacal area of an immobilized embryo with petroleum jelly and immersing it in mineral oil, Vasilyev et al. (131) demonstrated small fluid droplets exiting the cloaca. Because these urine droplets ultimately fuse with other droplets in the larval skin, obtaining a pure urine sample directly is predicted to be challenging. Consequently, purification steps, i.e., centrifugation, are advised to remove any remaining oil and immersion residues from the collected urine before subjecting it to subsequent analysis. Crucially, although there is pronephric fluid excretion before glomerular formation (131) , the determination of electrolyte levels in collected urine samples requires a functional kidney, therefore restricting experiments to be executed after the onset of glomerular filtration (48 hpf).
Similarly, kidney and transporter dysfunction and its progression are reflected in the patients' blood serum. Although blood collection methods are available for the adult zebrafish, i.e., lateral incision (66), decapitation (35) , tail ablation (104), and phlebotomy (146) , research is principally conducted in larval stages. Therefore, developing methods for larval blood serum collection would be highly beneficial. When this is accomplished, analytical methods able to handle the small volumes of blood collected are crucial, a challenge that might be reserved for the field of microfluidics. The ability to measure electrolyte levels in both the zebrafish urine and serum will contribute to a further assessment of kidney function in health and disease using the zebrafish model.
Conclusions
The high degree of amino acid conservation of renal zebrafish proteins and various similarities in renal physiology between zebrafish and humans demonstrate that the zebrafish may be used to unravel the pathophysiological mechanisms that underpin distinct genetic, lifestyle, or pharmacologically induced renal electrolyte transport disorders. However, as discussed in this review, researchers and clinicians must be aware of the possibilities and considerations of the zebrafish model to 1) unravel the in vivo function of renal channels and transporters in health and disease, 2) model the genetic mechanisms of renal electrolyte transport disorders, and 3) model environmentally, i.e., pharmacological or lifestyle, induced mechanisms of renal ion transport disorders. Identifying all ion channels and transporters expressed in the zebrafish tubule with RNAseq and assessing their distinct function by combining genetic approaches, in vivo patch-clamp and serum and urine analyses, will further increase the understanding of renal tubular physiology in the zebrafish model system. Consequently, enhanced insight on zebrafish renal physiology will ultimately define the translational value of the zebrafish and might support its adoption as a standard platform for drug screening and testing. In addition, the improvement and application of CRISPR/Cas9 technology may allow full implementation of the zebrafish as a model system for preclinical and personalized medicine.
